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Proiect Overview 

High-speed (2-100 Mblsec) wireless data communication - whether land- or satellite-based - 
faces a major challenge: high error rates caused by interference and unpredictable environments. 
A planar antenna system that can be reconfigured to respond to changing conditions has the 
potential to dramatically improve data throughput and system reliability. Moreover, new planar 
antenna designs that reduce array size, weight, and cost can have a significant impact on 
terrestrial and satellite communication system performance. 

This research developed new individually-reconfigurable planar antenna array elements that can 
be adjusted to provide multiple beams while providing increased scan angles and higher aperture 
efficiency than traditional diffraction-limited arrays. These new elements are microstrip spiral 
antennas with specialized tuning mechanisms that provide adjustable radiation patterns. We 
anticipate that these new elements can be used in both large and small arrays for inter-satellite 
communication as well as tracking of multiple mobile surface-based units. 

Technical Summa- 
Our work has developed both theoretical descriptions as well as experimental prototypes of the 
antennas in both single element and array embodiments. The technical summary of the results of 
this work is divided into six sections: 

A. Cavity model for analysis and design of pattern reconfigurable antennas 
B. Performance of antenna in array configurations for broadside and endfire operation 
C. Performance of antenna in array configurations for beam scanning operation 
D. Simulation of antennas in infinite phased arrays 
E. Demonstration of antenna with commercially-available RF MEMS switches 
F. Design of a n t e n n m  MEMS switch combinations for direct simultaneous fabrication 

A. Cavity Model of the Pattern Reconfgurable Antenna 
A cavity model [ 11 of a radiation and frequency reconfigurable microstrip square spiral antenna 
[2] has been developed. This type of model provides physical insight into the operation of the 
antenna, which can serve as a foundation for the development of a generalized design 
methodology. In general, the versatility of the cavity model makes it very suitable for the 
analysis of numerous devices. It has proven to be a powerfbl analysis tool, and has demonstrated 
this outside the realm of traditional microstrip patch antennas [e.g., 6 and 71 with good success. 
Overall, this method provides straightforward results and an excellent physical interpretation of 
the radiating mechanisms associated with the antenna, along with a solid foundation for 
understanding the operation with respect to fiequency. The model may then be used as the basis 
for a design methodology that can be used for new substrates, frequencies, and radiation 
requirements. 

A. 1 Reconfirrurable Antenna Geometrv and Behavior 
The reconfigurable antenna geometry discussed in [2] is capable of switching between broadside 
and endfire radiation characteristics, maintained over a common impedance bandwidth centered 
around 6.85 GHz. The total linear dimension of the antenna is 81 mm (-2.5 LE), and it is 
fabricated on Duroid 5880 substrate with ~r = 2.2 and h = 3.175 mm (approximately 0.07h at 
6.85 GHz). The antenna geometry can be seen in Figure A. 1, and all relevant dimensions of the 
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antenna are given in Table A. 1. The total footprint of the antenna is approximately O S b  x 0 . 5 b  
at 6.9 GHz. To excite the antenna, a vertical SMA probe (diameter = 1.23 mm) is connected to 
the interior end of the spiral. The outer end of the spiral is shorted to ground with a copper via 
(diameter = 1.23 mm). 
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Figure A. 1 : Antenna geometry and orientation for reconfigured radiation configurations. In the 
endfire configuration, the switch at e’ is open and the switch at c’ is closed, forming the square 
spiral geometry. For the broadside configuration the switch at c’ is open and the switch at e’ is 

closed, separating the spiral into the probe fed section and shorted parasitic section. 

Table A. 1. Dimensions (mm) for the antenna geometry in Figure A. 1. 

16.0 I 18.0 I 18.0 I 7.0 I 22.25 I 12.0 I 8.5 I 12 I 1.0 I 1.25 I 3.175 

A.2 Operation 
To alter the standing electric field distribution on the structure and reconfigure the radiation 
patterns, two surface mountable switching elements of dimension 1 .O mm x 1 .O mm (currently 
hard-wired for proof of concept) are incorporated into the design. For impedance tuning 
purposes, the local position of these switching elements may be properly adjusted to achieve the 
desired impedance match. In the endfire configuration, the switch location at c’ is closed and the 
switch location at e’ is open. With this switch combination, the single turn square spiral 
geometry is created. In the broadside configuration, the switch location at c’ is open and the 
switch location at e’ is closed. In this switch configuration the antenna is composed of two 
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separate sections: the probe-fed section and the grounded parasitic section which is excited via 
coupling across the contiguous section of length f, separated by the distance s. The impedance, 
VSWR and elevation radiation patterns have been measured and are shown in Figures A.2 - A.5, 
respectively, with the results obtained from simulations of this structure in HFSS 9.1 included in 
Figures A.3 - AS. The overall shared VSWR bandwidth (Figure 3) is shifted slightly down in 
frequency, which can be explained by a slight probe feed off-set during fabrication. For the 
pattern behavior (Figures A.4 and AS), the simulated and measured radiation patterns are taken 
at the center of their respective shared bandwidths (- 6.78 GHz and -6.85 GHz). 

Figure A.2: Input impedance of broadside and endfire radiation configurations. 

5.00 

4.50 

4.00 

2.50 

1.M1 

I .M 

-Broadside (Meas.) 

--- Broadsitk (Sim.) 
- - - Endfire ;Sim.) 

--- Endfire Meas.) 

VSWR = 2.0 

1.00 ' I ' 1  ' 1  ' I ' I " ' I ' 
6.5 6.6 6.7 6.8 6.P 7.0 7.1 7.1 7.3 

Frequency [GHz] 

Figure A.3: Measured (black) and HFSS simulated (grey) VSWR of broadside (solid) and 
endfire (dashed) radiation configurations. 
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Figure A.4: Measured (black) and HFSS simulated (grey) radiation pattern of endfire 
configuration. 
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Figure AS: Measured (black) and HFSS simulated (grey) radiation pattern of broadside 
configuration. 

A.3 Cavitv Model 
The antenna discussed is modeled by an equivalent set of cavities. However, the antenna does 
not directly follow the operation of a rectangular patch (or other canonical shape [l]), so the 
resulting cavity model and radiating slots must be examined carefully because the geometry is 
being operating in higher order modes of the cavity. In [l, 51 it can be found that for low 
impedance lines (e.g., rectangular patches), the slot configuration for a linearly polarized radiator 
is constructed as two slots separated by the resonant length L. For each of these slots, there is a 
uniform electric field distribution with the appropriate polarization based on the fringing field 
distribution of the patch along the resonant length. The present analysis continues by 
representing the equivalent slots with magnetic current elements [l, 51. This work deals 
primarily with the electric field representation of the radiating slots, so the magnetic currents will 
not be dealt with explicitly (although the analysis will be extended to this in the future). 

A.3. I Microstrip Patches and Radiators 
To model the reconfigurable antenna as a resonant device, aspects of the cavity model are 
examined and discussed to justify the necessary assumptions associated with this analysis. For 
example, when modeling the rectangular microstrip geometry to higher degrees andor for higher 
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order modes, the low impedance line presented by the rectangular geometry can be thought of as 
having four individual slots residing around the outer perimeter. Upon further investigation into 
the fundamental TMOl mode, it can be seen that the magnitude of the secondary slots 
(representing the fringing fields which support the modal - or sinusoidal - behavior along the 
sides of length L) is significantly smaller than the primary slots (along the width W which 
support a uniform electric field distribution). Along with the significantly smaller magnitude, 
the field distributions along these edges will experience destructive superposition in the far field 
at broadside due to the field polarization and spacing along these dimensions. For the 
reconfigurable antenna, the contributions from the slots associated with both of the characteristic 
dimensions (L and W) will differ from that of rectangular patch geometry. This is attributed to 
the reconfigurable antenna geometry which is: (1) wrapped into the square spiral geometry along 
the resonant length L and (2) a high impedance line of dimensions such that W << L. 

A.3.2 Long Microstrip Radiators 
Although different from the reconfigurable antenna in many aspects, the long microstrip radiator 
(LMR) discussed in [6] has interesting parallels in its geometry and operation. The LMR 
consists of a conducting strip wrapped around the axis of a cylinder (resonant along the width 
W), which is edge-fed by several microstrip lines parallel to the cylinder axis along the length L, 
similar to several rectangular patches contiguously connected. For the long microstrip radiator, 
the quasi-TEM transmission line mode transverse to L is excited using multiple edge-feeds per 
wavelength along L. This feeding technique is necessary to avoid exciting higher-order TM, 
modes, and will effectively radiate as if in the TMh mode (transverse to W in free space). In a 
cavity model analysis of this antenna, the primary radiating slots would reside along the 
perimeter length L (polarized perpendicular to L), similar to those of a very wide rectangular 
patch antenna. 

A.3.3 High Impedance Long Microstrip Radiators 
For the reconfigurable antenna, the quasi-TEM transmission line mode propagates on the line as 
in the long microstrip radiator; however, the probe (single) feed and narrow line suggest that 
several new assumptions be considered. This case is referred to as “high impedance” due to the 
resulting characteristic impedance of the narrow microstrip line width (w<<h) (as if it were 
supporting quasi-TEM propagation along L) being much higher than that of an equivalent 
rectangular patch. This will also orient the direct and fringing electric field distribution to be 
symmetric with respect to the center of the line width (Figure A.6). The existence of a single 
feed will also greatly influence the modal behavior of the antenna will support quasi-TEM 
propagation along the line length L which, when considered as a cavity, will resemble a TMO, 
mode. In this configuration, the narrow line will experience the same phenomena as the patch 
(e.g. fringing fields, etc.), seen in Figure 6; however, the field structure will be modified as 
previously stated to the extent that the slots experiencing the modal distribution (transverse to L) 
become the primary radiating mechanism due their greater effective slot width, and the 
secondary slots are now ignored in a first order analysis, opposite to the case of a rectangular 
patch. 
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Figure A.6: Field distribution (top) and equivalent slots (bottom) for a 0.5 high impedance 
(left) and low impedance (right) microstrip line operating in the patch mode. 

A.3.4 Cavity Model of the High Impedance Long Microstrip Radiator 
The analysis begins first by constructing the appropriate cavities formed by all desired variations 
of the antenna and resulting electric field distributions. The geometric variations responsible for 
reconfiguration are created from the in-line switches discussed in Section A.2. Next, a set of 
appropriate wave functions is identified for all of the cavities, which can individually satisfy 
Laplace’s Equation (Equation 1) and the appropriate local boundary conditions (Equation 2). 
Using these wave functions, the radiating mechanisms can be approximated using radiating slots 
and a basic description of the operation with respect to frequency can be attained. 

-- dy(x)  - 0 (magnetic) and r i a ; ( ~ )  = 0 (electric) 
dri 

To obtain the radiation characteristics of the antenna, all of the resonant behavior found fkom the 
cavity analysis are included and projected onto the ground plane of the antenna, as a properly 
phased and polarized pair (or pairs) of radiating slots. To analyze this behavior, a process using 
commercially available software has been explored which provides an approximation to the 
radiating slots in [l, 51. The physical interpretation of these slots is the modal distribution of the 
fringing fields, or the equivalent vertical magnetic current distribution along the perimeter of the 
cavity. In conjunction with this, the microstrip structure can also provide a transmission line 
equivalent circuit, which incorporates the cavity and radiating slot impedance. However, the 
primary focus of this work will on the radiating properties of the antenna, and the impedance will 
be addressed in future work. 
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For this particular antenna, two further steps can also be made prior to analysis which aid in the 
modeling process. First, the antenna (a thin microstrip line) can be unwrapped into a linear 
geometry (or several geometries) to detennine the wave h c t i o n  and later re-wrapped without 
significantly disturbing the wave function. Wherein, it is only along the unwrapped linear 
geometry that the modal behavior will develop and the resulting radiating slots will reside. 
Second, the probe feed used to excite the antenna can be considered a current source [ 11, which 
will resembles a short circuit (minimum electric potential) at the feed point in lieu of a forced (or 
hard) boundary condition. When the probe diameter and line width are comparable (the same 
dimension in this case), this will resemble an electric wall (boundary condition) in the cavity 
analysis, and force the modal electric field distribution to a minimum. 

A.3.5 Endfire Conjguration 
The endfire configuration is examined first. With this geometry unwrapped counterclockwise, 
two cavities can be formed having the lengths L1 and L2, shown in Figure A.7. These represent 
the section of line fiom the grounding via to the open circuit and the length of line fiom the open 
circuit at e’ to the probe feed, respectively. The first length L1 is negligible in comparison to Lz 
and b, so contributions fiom this cavity can be neglected in the absence of a direct excitation for 
this section. The boundary conditions for this remaining cavity Cz are magnetic at x = 0 where 
the open circuit resides (standing electric field is at a maximum), and electric at x = x1 fiom the 
probe’s appearance as a short circuit (standing electric field is at a minimum). The wave 
function which satisfies these two boundary conditions is given identified in Equation 3, with L 
= L2. 

(2m - 1 ) ~  
2L 

v/,  (x) = cos (k,,,x) with k, = and m = 1,2,3, ... (3) 

A. 3.6 Broadside Configuration 
For the broadside configuration, the geometry is unwrapped (Figure A.7) such that the probe fed 
section is opened up clockwise toward the negative x-axis and the section of line with the via to 
ground opened up counterclockwise toward the positive x-axis. The antenna can then be 
modeled as two cavities C3 and C4, representing the probe fed section of line of length L3 and the 
parasitic section of line with the via to ground for length L. For the cavity C3 the associated 
boundary conditions are magnetic at x = 0 (open circuit), and electric at x = x3 (short circuit from 
probe), similar to the endfire configuration. The cavity C4 is similar to the endfire configuration 
as well (reversed), with electric boundary conditions (the via to ground) at x = x2 and magnetic 
(open circuit) at x = a. The resulting wave functions for these cavities are Equation 3 with L = 
L3 and Equation 4 with L = L for C3 and C4, respectively. Further, to facilitate a better 
impedance match with these capacitively coupled lines (coupling across the contiguous section f )  
the length L3 is set slightly inductive (smaller in comparison to resonant length of L). 

(2m - 1 ) ~  
2L 

y,,, (x) = sin (k,,,x) with k,,, = and m = 1,2,3, ... (4) 
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Figure A.7: Endfire (left) and broadside (right) reconfigurable radiation configurations. The 
resulting cavities (top) can be decomposed into similar sets of inner and outer slot geometries 
(middle), and unwound according to arrow direction (only the general shape is shown), which 

can be approximated by the cavity cross sections (bottom). 

A.3.7 Cavity Representation of Coupling 
A.3.7.1 Broadside Configuration 
In the broadside configuration, the coupling across the contiguous spiral section (length g,  
separated by s) is essential to achieving the desired operation. The probe fed cavity C3 is 
coupled to the parasitic cavity Cq through the resonant behavior along the length f (Figure 7), 
which is set to - 0.5 &. This behavior can also be modeled as a resonant structure in an analysis 
similar to [7]. This cavity is of length g and width s, and is formed by impressing the boundary 
conditions fiom the two neighboring cavities, creating electric walls of width s at x3 and a. For 
these walls, it is assumed that the electric walls at x2 and x3 (especially the shorting via) will 
greatly influence the local field behavior across the distance s (- 0.04 b), which will also be in 
the vicinity of a voltage minima when the cavity is resonant. A magnetic wall on the surface of 
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the substrate completes the cavity geometry, and is created by assuming the electric field is 
primarily coupling in a differential mode across s and along g (from the probe fed section to the 
parasitic section). The wave function for this cavity is in Equation 5, with L = g; where coupling 
is greatest when this cavity shares resonance with the other two neighboring cavities, C3 and C4. 
This can be extended to include a phase delay 6 (Equation 6) for the argument in Equation 4, 
associated with the delay of coupling onto the parasitic section. 

m z  
L 

y,,,(x) = sin(k,,,x) with k,,, = - and m = 1,2,3 ...( uZZ) 

A.3.7.2 Endfire Configuration 
In the endfire configuration, the coupling from the contiguous portion of the spiral (length g, 
separated by distance s) can also be taken into account, but the effects are not as pronounced as 
in the broadside configuration. This is due to: (1) a voltage minima (in the cavity) at the location 
of the short when the cavity is resonant and (2) the isolation of the shorting via created by the 
open circuit at e’, which perturbs the cavity and prevents the resonant coupling behavior seen in 
the broadside configuration. However, some interaction will occur from differential mode 
coupling and can be accounted for by superimposing a second wave function in the cavity 
(identical to Equation 3) with the additional phase delay 6 (Eq. 6) in the argument. Without the 
resonant coupling, the effect of the superimposed wave function has a decreased magnitude and 
will be minimal. In a transient analysis, this interaction is responsible for the ringing this 
geometry experiences, along with the higher Q (or lower bandwidth) similar to a spiral inductor. 

A. 3.8 Reconfigured Frequency 
After the appropriate wave hc t ions  have been determined, the resonant frequencies of the 
cavity can be calculated. Using the wave number k,,, found in the previous sections, an 
approximate resonant frequency can be calculated using Q. 7, where ~d is the dielectric 
permittivity. Using this process in reverse (identical to the process determining rectangular patch 
dimensions), one can easily obtain approximate dimensions of reconfigurable antennas for other 
substrates and operating frequencies. A continuation of this topic will be addressed in future 
work. 

A.4 Radiating Slots: Remesentation and Evaluation 
To validate the cavity model of the radiation reconfigurable antenna, a method using 
commercially available software has been used. It provides approximations to the physical 
mechanisms of the cavity model that are responsible for the radiation behavior. In this approach, 
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the radiating slots used to represent the fringing electric fields are modeled using features 
common to many fbll wave electromagnetic solvers. To model the slots directly, the 
representative slot areas residing at the appropriate physical locations on the ground plane can be 
excited as if they were radiating apertures. The polarization, phase and magnitude of these 
apertures can be tailored within the program, and may also incorporate local boundary conditions 
to force the electric field distribution in the slot to a modal or non-modal profile. While this 
approach provides usefbl information about the radiation features without including all of the 
geometric features, it does not accurately model the impedance due to the ambiguity of the 
excitation with regard to a specific feed location. 

For this work, HFSS 9.1 has been used to model the radiating slots. Within the hmework of the 
software, the radiating slots of the microstrip antenna can be modeled as “wave port” excitations, 
located where the slots would be projected onto the ground plane of the antenna geometry. To 
accommodate this excitation, the ground plane of the antenna must first be extruded into a 
volumetric element of finite conductivity (copper was used for this study) and nominal thickness 
below the substrate. For all of the results obtained in this work, the ground planes have been 
given a thickness of 0.25 mm. This must be done as to not allow energy to enter or exit through 
the back of the wave port (a passive, 1 port device). Next, the planar geometries of the radiation 
slots are created on the interface between the substrate and ground plane. These slots are then 
excited as a wave port and polarized accordingly. In this orientation, the boundary conditions 
around the port geometry will be electric by default due to its location on the surface of the 
conductive slab. If a magnetic boundary condition is required (as is the case with an open 
circuited line), a nominally small area (or appropriate vertex) can be created and assigned as 
such, along the desired dimensions tangent to the polarization of the slot. 

A.4.1 Example= Rectangular Microstrip Patch 
To evaluate the wave port representation of the radiating slots, a probe fed rectangular 
microstrip patch antenna designed to operate at 5.775 GHz (L = 8.2 mm and W = 14 mm) has 
been modeled and fabricated on a finite ground plane and substrate (Duroid 6006, G = 6.15 and h 
= 2.54 mm with probe dimensions same as reconfigurable antenna). To approximate the 
radiating slots, the patch is replaced by two slots (wave ports) with the appropriate orientation, 
spacing, and polarization determined by the patch dimensions and cavity model. For the patch, 
the field distribution within the slot is approximately uniform, so magnetic boundary conditions 
are enforced at the opposing ends of each slot. The layout for both the patch and the slots can be 
seen in Figure A.8. 
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Figure A.8: Patch antenna (left) and equivalent radiating slot model using wave ports in HFSS 
(right). The ground plane is light gray, the slot (wave port) is dark gray, hatched areas outside 

the slot represent magnetic boundary conditions, and arrows indicate slot polarization. 

A.4.2 Results: Rectangular Microstrip Patch 
Measured and simulated radiation patterns from this patch can be seen in FigureA.9. 
Examination of these patterns demonstrates the wave port's ability to provide a good 
representation of the physical radiating mechanism associated with microstrip antenna patch- 
mode. It should be noted that effects fkom the finite ground plane are present with the wave port 
approximation, shown by the development of back-plane radiation that closely matches the 
measured antenna behavior. Using these results as an indication of the accuracy which can be 
obtained from the model's approximation, the reconfigurable antenna can be simulated and the 
results can be interpreted. 
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Figure A.9: Measured (black) and simulated radiating slot (gray) radiation patterns for the 
microstrip patch example. 

A.4.3 Reconfgured Radiating Slots 
For the radiation reconfigurable antenna discussed in this work, an approximate radiating slot 
distribution can also be obtained according to the description in Section A.3. The polarization 
and phasing of these slots must be representative of the physical electric field distribution, so 
special attention must be given to the individual slots to ensure the accuracy of the model. After 
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creating these slot pairs transverse to the length of the line segment(s) that bound the cavity or 
cavities, the proper b o u n d a ~ ~  conditions are created along the end of the slots according to the 
cavity analysis. For these full-length slots, the modal distribution will develop according to the 
imposed boundary conditions and will be used in the following sections to model the antenna's 
radiation. The geometries that have been simulated to approximate the radiating slots can be 
seen in Figure A.10 for the previous patch example and the following section on the 
reconfigurable antenna. 

(p = 90" 4 
- - - - - - - - - - - - \ , -5 - - , - -~0 - - - - - - - - - - - - - - -  

Magnetic boundary condition ! 
' - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I  

q = O '  

Figure A. 10: Slot geometries for the simulated patch (left), endfire (middle), and broadside 
(right) to represent the radiating slots obtained from the cavity model. Individual slots are black, 

with magnetic boundary conditions in gray (and circled). 
I 

A S  Measured and Simulated Radiation Characteristics 
Measured and simulated results for the reconfigurable antenna are presented in Figures A. 1 1 and 
A.12. At the corresponding frequency (- 6.9 GHz) for these modes, both configurations will 
exhibit resonant behavior and the impedance will be dominated by the radiation resistance of the 
antenna. In both configurations, the measured and simulated radiation patterns have been 
normalized independently and show good agreement between the simulated equivalent slots and 
the measured results. In Figure A.11, the results for the endfire configuration show the 
development of nulls in the broadside direction that are very close in depth and direction. In the 
dominant polarization, &, the agreement is very close. In the orthogonal polarization, b, the 
level of agreement between the simulated and measured is not as high, but the general 
characteristics and shaping of the radiation is similar. This effect on the non-dominant 
polarization can be attributed to the idealistic conditions of the two parallel slots with opposite 
tangential polarizations, which does not completely model the interaction of the fiinging fields. 
Specifically, the superposition of the fields with ideal slots effectively cancels each other better 
in the far field, more so than the fabricated antenna. Additionally, comer effects present in the 
real (measured) antenna may not be fully captured in this model of the slots. 
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Figure A. 1 1 : Measured (black) and simulated radiating slot (gray) radiation patterns for the 
endfire configuration. 

In the broadside configuration (Figure A.12), the general behavior of the radiating slots 
accurately describes the measured performance antenna. In this configuration the electric field 
distribution along the line is shifted by 0.25 Lj (with respect to the endfire configuration) due to 
the shorted section that creates maxima located closer to the comers of the antenna, providing a 
slight imbalance in the field distribution between the inner and outer apertures. This effectively 
keeps the opposing polarizations from completely canceling each other (as in the case of the 
endfire configuration) and creates the broadside radiation characteristics, as well as the tilt in the 
main beam due to slight offsets in the antenna's modal distribution around the corners.. 
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Figure A. 12: Measured (black) and simulated radiating slot (gray) radiation patterns for the 

broadside configuration. 

A.6 Conclusions on Cavitv Model for Reconfigurable Antenna 
In the preceding sections we applied the cavity model originally developed for rectangular patch 
antennas to a thin line (W << L) spiral microstrip radiation and frequency reconfigurable 
antenna. A method for approximating the radiation of the cavity model for complex geometries 
has also been successfblly explored using commercially available software, and has been used to 
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veri& the operation of the antenna in a higher order patch-mode. Future work will focus on the 
development of design equations based on the fundamental cavity relationships obtained from 
this analysis. 
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B. Performance of antenna in array configurations for broadside and endfire operation 
For the radiation reconfigurable antenna discussed in this project, the pattern may be switched 
between broadside and endfire over a common impedance bandwidth with two surface mount in- 
line reflective switches. Using the reconfigured radiation characteristics of the antenna as an 
extra degree of freedom in an array, the performance and element behavior is now studied in an 
array setting. 

B. 1 Reconfirmrable Radiation and Array Factor 
To fully incorporate the reconfigurable radiation properties as an extra degree of freedom in the 
array, the superposition of the array factor and the two reconfigured single element patterns were 
examined. To do so, the array spacing and phasing is examined for two possible array 
configurations in an effort to best recover the single element hctionality (with the added 
benefits of the array). Specifically, the array spacing (d, and dy) and phasing (S, and t&) is 
examined for 'static' and 'dynamic' array factors, each providing the possible conditions needed 
to recover the desired functionality. To qualitatively examine the performance of the two array 
settings, the array factor for each array configuration is calculated and superposition with the 
single element patterns. The results are used to evaluate and predict the conditions for 
experimental work. 

B.l.l Static Array Factor 
The static array factor is examined first, and effectively imposes the element patterns to dictate 
the peak and null directions of the main beam. In this setting, the array factor simultaneously 
provides major lobes in both the broadside and endfire directions. This setting is referred to as 
the static array factor since it is un-phased and the array factor does not change throughout the 
operation of the array. To achieve this behavior from the array, the element spacing is set to a 
full wavelength (d, = dy = h) at the center frequency of the shared impedance bandwidth and 
feeding all elements in-phase. For superposition at f = 6.9 GHz, this requires setting d, = dy = 
43.18 mm and S, = S, = 0". Prior to further examination, several obvious trade-offs are 

offs is the decrease in complexity (no phasing) and density with the full wavelength spacing, 
with poor pattern control due to the interaction of grating lobes (from spacing) and non-ideal 
pattern characteristics of the single element as well as lower possible gain from decreasing the 
array density (sparse array). 

I 
considered which can influence the behavior of the array. The most significant of these trade- 

B. 1.2 Dynamic Array Factor 
An array factor that compliments the two different reconfigured radiation patterns is examined 
next. In general, this is essentially examines the worst case scenario when steering the main 
beam of the array Erom broadside to endfire. In this setting, the element spacing is set to a half- 
wavelength (d, = dy = 0 . 5 h ~ )  at the center frequency of the shared impedance bandwidth and all 
elements are progressively phased 180" in either the x-direction or y-direction while those in the 
orthogonal direction are fed in phase. For superposition, this requires setting d, = dy = 2 1.74 mm 
and setting S, = 180" with 8, = 0" or 8, = 0' with S, = 180". This array factor changes according 
to the element behavior, so it referred to as the dynamic array factor. In this configuration, 
several trade-offs are also considered. Specifically, the major trade-off is between the higher 
gain (more dense array) and improved pattern behavior (decreased grating lobes) for the effects 
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from mutual coupling between the elements resulting fiom the close (< 0.1 
directions) inter-element spacing. 

in both x- and y- 

B. I .3 Supelposition Results 
The resulting 2-element (N = 2) linear array factors for both static and dynamic configurations 
are shown in Figure B. 1. Superposition is used next to approximate the performance of the small 
array and obtain a qualitative measure of the reconfigurable radiation behavior in the array. To 
do so, the measured single element patterns are superimposed with the 4-element (N = 4) linear 
array factors. For brevity, only the radiation patterns for the cp = 0" elevation cut-plane (for both 
static and dynamic cases) are shown in Figure B.2 for the endfve configuration and Figure B.3 
for the broadside configuration (each plot contains both polarizations for both array settings). 
Behavior in the other primary planes of interest follows the results of the plane shown closely, 
and do not show any pattern anomalies or unexpected behavior. Examination of these plots 
demonstrates that the two different element patterns do not sufficiently controllfacilitate the 
static array factor. These results indicate that the overall reconfigurable behavior between the 
endfve and broadside configurations is indiscernible in this setting. This behavior (undesirable 
lobes in the static array factor setting) is derived from the superposition the grating lobes and the 
non-ideal pattern characteristics of the single antenna element. In contrast, the dynamic array 
factor has acceptable pattern behavior that is well defined, having little in the way of undesirable 
side lobes and nulls. Interpreting these results, it is evident that the dynamic array factor offers 
the best possible performance for the array. 

0. 0. 0. 

dnl d n l  dl8l 

Figure B. 1 : Two element array factors used to determine the operational characteristics of the 
antenna in an array setting; (left) configuration 1 uses full wavelength spacing and is un-phased, 

(middle) and (right) configuration 2 uses half-wavelength spacing and is un-phased and 
progressively phased 180 degrees for the broadside and endfire configurations respectively. 
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Figure B.2: Calculated elevation radiation (9 = 0') patterns for the endfire configuration 
comparison of the static (left) and dynamic (right) array settings. 
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Figure B.3: Calculated elevation (9 = 0") radiation patterns for the broadside configuration 
comparison of the static (left) and dynamic (right) array settings. 

B.2 Two Small Arrays of Radiation Reconfimtion Elements 
The behavior (calculated in the previous section) of 2x2 and 4x4 arrays of radiation 
reconfigurable antennas is examined next. These two array sizes are chosen for their size, 
symmetry, and the conditions that the 2x2 array has no interior elements and 4x4 array contain 
interior elements as well as 13 attainable subsets of the 2x2 (one of these subsets completely 
composed of interior elements). Dimensionally, the spacing in both fabricated arrays is 2 1.8 mm 
(4.51) in both the x-direction and y-direction. Using this spacing, the inter-element distances in 
the x-direction and y-direction are 3.8 mm (.0871) and 1.575 mm (.0361), respectively. To 
complete the array factor for each configuration, two separate phasing schemes are used in the 
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array to recover endfire or broadside radiation. These two phasing schemes involve feeding all 
elements in phase while the antennas are in the broadside configuration and feeding the endfire 
configuration with progressive phase reversal along the x-direction or y-direction (8, = 180" and 
8, = 0' or 8, = 0" and 8, = 180" in the xz-plane or yz-plane respectively). 

B.3 ExDerimental Results 
For the two fabricated arrays of radiation reconfigurable antennas (Figure B.4), the measured 
radiation patterns in the two principle elevation planes, individual element VSWR bandwidths, 
and inter-element coupling are provided. To measure these arrays, components of the power 
division and phase shif€ing networks were both built and purchased commercially. In the endfire 
configuration the test setup consisted of the following components (in connective order): 1 
Anaren 41 130 2-way power splitters (2 - 18 GHz), 2 Anaren 41730 8-way power splitters (2 - 
18 GHz), 16 RFCoax 3.0-inch low loss semi-rigid cables, 16 channel delay line board 
(fabricated) with four 4-channel progressive phase shifts (OO, 180", 360°, 520"), and 16 MiniBend 
15.0-inch low-loss coaxial cables. For the endfire configuration, the progressive phasing was 
applied sequentially in the rows or columns of the array to achieve the phase distribution in the 
desired plane. For the broadside configuration, the phase shifting network and RFCoax 
connections were omitted. In the anechoic chamber, this entire assembly was shielded by a 
metallic box clad in microwave absorbent material to minimize interference with the radiation 
pattern measurements. To measure the inter-element coupling in both arrays (in both 
configurations) with the 2-port VNA, a single element was chosen to remain the active element 
(i.e., port 1) and a second element was connected (Le., port 2) while all others were terminated in 
the characteristic impedance (50R). The resulting transmission was then measured, and the 
process was repeated for the remaining elements in the array. To generate a qualitative display 
of the data, a method similar to [ 11 was used, and the interpolated contour of the inter-element 
coupling is given in dB for the respective plots. 

Figure B.4: Fabricated 2 x 2 (left) and 4 x 4 (right) arrays of radiation reconfigurable antennas. 
Element numbering begins in the bottom left comer of the array for both row (x) and column (y) 

directions. 
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B.3.1 2 x2Array 

B.3.1.1 Shared VSWR Bandwidth 
For the 2x2 array, the measured VSWR of the individual array elements in both the endfire and 
broadside configurations are shown in Figure B.5. In this array, the 2:l VSWR bandwidth was 
increased uniformly in both configurations, up to 318 MHz for the broadside configuration and 
1 15 MHz for the endfire configuration. In total, the resulting common impedance bandwidth is 
slightly broadened in the array to 98.0 MHz (1.43% BW) and has a shifted center frequency of 
6.845 GHz. Results for VSWR are tabulated in Table B.l, which include the single element 
values for comparison. 
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Figure B.5: Measured VSWR of 2 x2 array; broadside (solid) and endfire (dashed). 

Table B. 1 : Comparison of center fiequency and VSWR bandwidth for the single element, 2x2 
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B.3.1.2 Reconfigured Radiation 
Measured radiation patterns for the broadside and endfire configurations are shown in Figures 
10, 1 1 and 12 for the 2x2 array. The broadside configuration (Figure B.6) is linearly polarized 
with nominal side lobe and cross-polarization levels, achieving an overall gain of 12.4 dBi (E& in 
xz-plane and E, in yz-plane); representing the maximum gain of both configurations. The 
endfue configuration, when phasing independently along either the xz-plane (Figure B.7) or yz- 
plane (Figure B.8), maintains well defined linearly polarized (b) endfire radiation characteristics 
while effectively nulling out radiation in the non-phased elevation plane. Effects of the finite 
ground plane dimensions can be seen in the behavior of the endfire radiation patterns for this 
configuration. For each of the endfire phasing scenarios, the maximum radiation occurs at an 
elevated angle away from true endfire (8 = go"), at approximately 8 = 50" (mean) with a gain of 
9.52 dBi and 9.42 dBi, respectively. This behavior is similar to a monopole over a finite ground 
plane, and is a result of both edge diffraction and truncation of the fiinging electric field 
distribution. The element was further examined using several ground plane dimensions and an 
infinite ground plane approximation, at which point it was found that the pattern squinting 
diminishes with increasing ground dimensions. 

O0 O0 

0081 0081 

Figure B.6. Measured elevation radiation patterns for the 2 x 2 array in broadside configuration. 
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Figure B.7: Measured elevation radiation pattern for the 2 x 2 array in the endfire configuration, 
phase-reversal in xz-plane (cp = OO), in-phase in yz-plane(cp = 90'). 
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Figure B.8: Measured elevation radiation pattern for the 2 x 2 array in the endfire configuration, 
phase-reversal in yz-plane (9 = OO), in-phase in xz-plane(cp = 90'). 

B.3.1.3 Mutual Coupling 
The inter-element coupling in the 2x2 array is shown in Figure B.9 for both configurations 
(endfire is left, broadside is right). The active element is representative of the sub-plot position 
as it relates to the array element numbering in Figure B.4 (i.e., element 22 element is located in 
the upper right quadrant). The shifting and expansiodcompression of element VSWR 
bandwidths are attributed to this mutual coupling. In this array, these effects are minimal and no 
major groupings or trends were observed; however, examination of these two plots demonstrates 
the asymmetry and geometric dissimilarities between the two configurations. 
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Figure B.9: Measured mutual coupling in the 2 x 2 array of endfire (left) and broadside (right) 
configurations. 

B.3.2 4 x 4  Array 

B.3.2.1 Shared VSWR Bandwidth 
The measured VSWR of the 4x4 array elements is shown in Figure B. 10 (broadside on top and 
endfire on bottom); with the grouping of similar trends A, B, C, and D (limiting cases in bold). 
This behavior is summarized in Table 1 with the single element and 2x2 array results for 
comparison. With the addition of interior elements (unlike the 2x2 array), trends were observed 

configuration); specifically the element's row. These trends are especially evident in the 
broadside configuration, in which the coupling across the contiguous section plays a key role in 
the operation of the individual elements. In this configuration the close element spacing 
provides alternate avenues of coupling to neighboring elements and results in an increased 
bandwidth. In the broadside configuration, the two major trends occurred in the inner (group A) 
and outer rows (group B), which have increased bandwidths of 318 MHz and 250 MHz,  
respectively. For the endfire configuration, group C (rows 2, 3, and 4) increased to 134 MHz;  
while group D (row 1) only increased to 100 MHz. In total, the common impedance bandwidth 
is slightly decreased to 77.0 h4Hz due to the shifting of the endfire impedance bandwidth. 

I in both configurations which correlate to the position of the element in the array (in each 

I 
I 
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Figure B. 10: Measured VSWR of 4 x 4 array in the broadside (top) and endfire (bottom). 
Grouping of elements (A, B, C, D, dotted, and dashed) is described in Table 3. 

B.3.2.2 Reconfigured Radiation 
The measured radiation patterns for the broadside and endfire configurations are shown in 
Figures B.11, B.12, and B. 13. The broadside configuration (Figure B.11) remains linearly 
polarized with nominal side lobe and cross-polarization levels, and an overall gain (E& in xz- 
plane and Ecp in yz-plane) of 18.2 dBi (the maximum radiation occurs in this configuration). The 
endfire configuration, when phasing independently along either the xz-plane (Figure B.12) or yz- 
plane (Figure B.13), is linearly polarized (E+$ endfire radiation characteristics and effectively 
nulls out radiation in the non-phased elevation plane. There exists abnormalities (decreased gain 
and pattern quality) when phasing in the yz-plane (Figure B. 13) which are attributed to mutual 
coupling (examined next). This result corresponds to the variations in impedance bandwidth 
between the rows (along the yz-plane), where the individual elements are behaving differently. 
Effects of the finite ground plane dimensions are also observed in the radiation patterns for the 
endfire configuration in both phasing scenarios. For each of these (Figure B.12 for xz-plane 
phasing and Figure B. 13 for yz-phasing) the maximum radiation occurs off of true endfire 8 = 
go", at approximately 8 = 60" with a maximum gain of 14.6 dBi and 13.2 dBi, respectively. The 
off-endfire maximum gain is attributed to the same mechanisms seen in the 2x2 array and shares 
similar effects on the endfire radiation pattern. Gain versus frequency for all configurations and 
are plotted in Figure B. 14. Using these plots in conjunction with the radiation plots, a qualitative 
comparison can be made between the two different endfire phasing scenarios, further 
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demonstrating the effects of asymmetry in the array. The measured radiation behavior is in good 
agreement with the results predicted in Section B.l aside from the decrease in the non-dominant 
polarization, which is an effect of the interaction of the elements physical radiating mechanisms 
and increasing ground plane dimensions. 

00 00 
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Figure B. 1 1 .  Measured elevation radiation patterns for the 4 x 4 array in broadside configuration. 
O0 00 
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Figure B. 12: Measured elevation radiation pattern for the 4 x 4 array in the endfire configuration, 
phase-reversal in xz-plane (9 = OO), in-phase in yz-plane(cp = 900). 
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Figure B. 13: Measured elevation radiation pattern for the 4 x 4 array in the endfire configuration, 
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B.3.3.3 Mutual Coupling 
Measured results of inter-element coupling are shown in Figure B. 15 (endfire) and Figure B. 16 
(broadside). Each series of plots examines the mutual coupling fiom an active element in all 4 
perimeter corners as well as an inner diagonal set of elements (11, 41, 14, 44, 23, and 32 in 
Figure B.5). This coupling behavior, in conjunction with the individual element VSWR 
bandwidths and array radiation characteristics, punctuate the effects of symmetry and element 
position as the dimension of the array increase. The broadside configuration, with a broadened 
overall VSWR bandwidth and little radiation pattern asymmetry, indicate the overall effects of 
geometric asymmetry for that configuration limit the effects of coupling on the performance of 
the array. This is demonstrated in the magnitude of the inter-element coupling, which quickly 
tapers off in the row direction and is only slightly increased in the column direction; showing 
dissimilar variations amongst all the element positions. Conversely, inter-element coupling in 
the endfire configuration conveys a higher presence of geometric symmetry with an increased 
magnitude of coupling to neighboring elements. This results in the degenerative pattern effects 
previously discussed (Figure B.ll), observed when phasing in the yz-plane (where the 
asymmetric variation along the rows is greatest), and is also the direction (along y) that has the 
closest inter-element spacing. 
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Figure B. 15: Measured mutual coupling (a) in the 4 x 4 array in endfire configuration. 
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Figure B. 16: Measured mutual coupling (a) in the 4 x 4 array in broadside configuration. 

B.4 Summary of Endfire-Broadside Behavior of Reconfigurable Arravs 
In this section, the behavior and performance potential of small arrays comprised of radiation 
reconfigurable antennas has been demonstrated. This provides the groundwork for further 
studies of beam steering and similar types of arrays by using a fimdamental process of 
superposition for determining the necessary conditions by which the array can recover the 
reconfigurable radiation characteristics. In both fabricated antenna arrays, the effects fiom 
placementlposition of the individual antenna elements in the array is very evident, and was 
observed in several form with parallels occurring between the symmetry of the antenna element 
and its behavior in the array. These results indicate that the element configuration with the most 
asymmetric geometry has the least undesirable behavior when operated in the dense array 
setting. This manifested itself in the expansionskontractions of the individual element’s 2:l 
VSWR bandwidth and the shifting of the center frequency, but was most evident in the 
degenerative pattern effects observed in the larger array (4x4). This trend warrants further 
investigation into these effects, since the effects are commonly observed [e.g., 2, 31 in the array 
behavior of traditional elements. 

B.5 References for Section B 
[l] A. 0. Boryssenko and D. H. Schaubert, Some lessons learned about truncation effects in 
wideband Vivaldi array, 327 - 354, Proc. 2003 Antenna Applications Symposium, Allerton Park, 
Monticello, IL, 2003, pp. 307 - 3 19. 

[2] J. Yen, Coupled surface waves and broadside arrays of end-fire antennas, IRE Transactions 
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[3] W. Wasylkiwskyj and W. Kahn, An explicit relation between mutual coupling and the pattern 
of an antenna array, I966 IRE International Convention Record, March 1966, pp. 167 - 1 7 1. 
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C. Performance of antenna in array confgurations for beam scanning operation 
C. 1 Beam Scanning in Small Arrays 
To begin to evaluate the performance of pattern reconfigurable antennas in phased arrays for 
beam steering, we studied small 1 x4 arrays of reconfigurable elements and compared them to 
standard rectangular microstrip arrays with the same number of elements. Extensive simulation 
and measurement studies were undertaken. Here we present a sample of the results. Figure C. 1 
shows three arrays for comparison. The patch antennas are configured for minimal inter-element 
coupling, while the reconfigurable elements are oriented for maximum inter-element coupling. 
Comparisons in this situation represent the worst possible case for the reconfigurable elements. 

Broadside 

Figure C. 1 : Sample configurations of 1 x4 arrays to evaluate beam scanning capabilities of 
pattern reconfigurable antennas. 

C.2 Results 
For each configuration, input impedance, VSWR, and radiation patterns were simulated and 
measured for a range of scan angles from broadside to horizon. Simulations are shown here for 
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Figure C.2: Simulated VSWR for each element in each 1 x4 array. 
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The reconfigurable arrays have approximately 60 MHz of shared bandwidth around 6.75 GHz. 
Our results indicate that one can switch between the modes of the reconfigurable antenna to 
obtain larger scan angles with larger isolation from sidelobes that appear at large scan angles. 
There is a tradeoff of absolute gain (of about 1.5 dB) in the endfire mode of the reconfigurable 
array, but this is compensated for by a larger difference between the main beam level and the 
magnitude of the highest sidelobe. Figure C.3 illustrates the patterns obtained for a scan angle of 
4 0  degrees. 

Scan 
Angle Patch 

Figure C.3: Simulated patterns at -40' scan angle (green: patch; orange: broadside; blue: 
endfire). 

Broadside Endfire 

Table C. 1 : Calculated values of the difference between the pattern maximum and the next 
highest sidelobe level for various scan angles with the three arrays. 

-60" 3.71 -8.65 8.58 

0" 113.01 I 12.45 I 0.51 

-20" I 11.54 I 8.74 I 4.38 

-30" 1 10.08 1 6.16 I 5.87 

-50" I 6.20 I -2.83 I 11.05 

Table C.l provides the calculated differences between the main beam maximum and the next 
highest sidelobe level. Up to a scan angle of 4O0, the patch and broadside configurations 
perform well, with the patch having a greater distinction between the main beam and the sidelobe 
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level. However, as the scan angle increases past -40°, the difference between the main beam and 
the sidelobe level decreases for the patches, but maintains a high level when the reconfigurable 
elements are in the endfire mode. This study helps to illustrate the possible benefits having 
pattern reconfigurability at individual elements in a phased array. More detailed studies of a 
variety of arrays and configurations can be found in [l]. 

C.3 References for Section C 

[l] M.S. Thesis: Beam Steering in Phased Arrays Using a Pattern Reconjigurable Antenna, 
Kevin N. Hietpas, University of Illinois at Urbana-Champaign, December 2004. 
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D. Simulation of antennas in infinite phased arrays 
As part of this work, the antennas were simulated as elements in infinite phased arrays using a 
time domain integral equation (TD1E)-based solver for doubly periodic structures. Several 
arrays were simulated at 2.44 GHz and 6.9 GHz. For each of these arrays in the two main 
antenna configurations (endfire and broadside) the input impedance and VSWR are provided. 
These results also agree well with simulations of infinite arrays performed in HFSS not provided 
here. 

E 

Figures D.l-D.4 provide the input impedance and VSWR plots for the 2.44 GHz design, and 
Figures D.5-D.8 provide the same data for the 6.9 GHz design. Each antenna is evaluated in 
both broadside and endfire modes. In the simulations, vias are modeled using narrow strips and 
the in-line open circuit is modeled using a lmm wide gap. The endfire mode is realized via 
phasing the elements along y-direction with a progressive 180-degree phase shift. 

- Re[Zin] 
- - Im[tn] 

The simulations indicate, as one would expect, that the coupling between elements in an infinite 
or very large array has a noticeable effect on the input impedance of the individual elements and 
also results in a frequency shift in the case of the endfire mode of the antenna. Our work with 
smaller arrays of these elements indicate that these effects can largely be compensated by small 
changes in element design, in particular, the locations of the switches and small changes to 
element spacing and the distance between the coupled arms in the individual elements. 
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Figure D.2: VSWR plot of the broadside reconfigurable antenna array (2.44GHz design 

Endfire 2.44GHz 

Figure D.3: Impedance plot of the endfire infinite reconfigurable antenna array phased along y- 
direction (2.44 GHz design). 
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Figure D.6: VSWR plot of the broadside infinite reconfigurable antenna array (6.9 GHz 

operation). 
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Figure D.7: Impedance plot of the endfire infinite reconfigurable antenna array phased along y- 
direction (6.9 GHz operation). 
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Figure D.8: VSWR plot of the endfire infinite reconfigurable antenna array phased along y- 
direction (6.9 GHz operation). 

E. Demonstration of antenna with commercially-available RF MEMS switches 
One of the most challenging aspects of this project was the integration of packaged, 
commercially-available RF MEMS switches into the antennas. We spent a great deal of time 
trying to implement CPW RF MEMS switches from Teravicta into our antennas. The results of 
this work were disappointing on a number of levels. First, the engineering samples that we 
purchased had variable quality. Second, the switches were susceptible to sporadic stiction 
problems. In the end, the design and packaging of the switches made them inappropriate for 
integration into the 6.9 GHz prototypes. This was mainly due to mode-conversion problems 
between the microstrip mode of the antenna and the CPW mode necessary for proper switch 
operation. As a result, even when the switches were operating properly, the antenna currents 
were not distributed properly because of disturbances caused by the discontinuities presented by 
the switches. 

To alleviate these problems, we turned to another company, Radant MEMS, to obtain in-line 
microstrip-based RF MEMS switches on silicon configured for single-pole, single throw 
operation with an actuation voltage of approximately 60 V (part number SPST-RMSW100). 
These switches were much less expensive than those fkom Teravicta, had simpler bias network 
requirements and layouts, and were more appropriate for integration into a microstrip-based 
design. The block diagram and a photograph of one of the Radant switches are shown in Figure 
E.l. 
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Functional Block Diagram 

Figure E. 1 : Block diagram (left) and photograph (right) of Radant RF MEMS switch. (Courtesy 
of Radant MEMS.) 

Figure E.2: Diagram showing DC bias configuration for switches. 

We made one small change to the package of the switches - we sanded off the ground plane on 
the bottom side of each RF MEMS switch with an emory cloth. This allowed the switches to 
operate in a microstrip mode compatible with antenna operation. High strength adhesive (super 
glue) was used to seat switch onto antenna substrate. By sanding off the ground plane of the 
switch, the gate was no longer isolated from the RF connection. The switch actuation occurs as a 
result of a potential difference between the source and gate. The drain voltage can be varied to 
reset the switch if needed, but is kept at 0 VDC for this work. Once the ground plane of the 
switch was removed, the switch appeared as a very thin microstrip line when it was closed, 
resulting in an additional small inductance, which was tuned out with a short microstrip stub. 
The DC potential of all spiral sections are tied to common ground (0 VDC) using the shorting via 
and back-to-back 2 5  shorted stubs placed inside the spiral around switch #1 as shown in 
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Figure E.2. To actuate the switches, the applied bias voltages VBi, are routed from the gate 
through connections to the backplane of the substrate. 

Figure and circuitry. 

Figure E.4: Photograph of pattern reconfigurable microstrip antenna with packaged RF MEMS 
switches from Radant MEMS with operation at 6.35 GHz. 
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The antenna shown in Figure E.3 was simulated using HFSS and the location and length of the 
tuning stub for Switch #2 was verified. A photograph of the fabricated antenna is shown in 
Figure E.4. Measured VSWR for the antenna’s two modes is presented in Figure E.5. 
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Figure E.5: Measured VSWR of two modes (endfire and broadside) of pattern reconfigurable 
antenna with Radant MEMS switches. 

O0 O0 

008 1 008 I 

Figure E.6: Measured endfire patterns (4 = Oo, left; 41 = 90°, right) of pattern reconfigurable 
antenna with Radant MEMS switches. 
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Figure E.7: Measured broadside patterns ($ = Oo, left; $ = 90°, right) of pattern reconfigurable 
antenna with Radant MEMS switches. 

Measured radiation patterns for this antenna are shown in Figures E.6 and E.7 for endfire and 
broadside configurations, respectively. It is clear that this design works as intended and has 
operation very close to that already demonstrated with soldered through connections in place of 
the switches. This data is the first known measurement of a pattern reconfigurable 
microstrip antenna equipped with commercially-available FW MEMS switches. 
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F. Design of antennaLRF MEMS switch combinations for direct simultaneous fabrication 
We have finalized the designs for both frequency- and pattern-reconfigurable antennas at 26.5 
GHz. We have developed several different designs that are compatible with a variety of IC 
fabrication processes. We are working with Prof. Milton Feng’s group at UIUC as well as Prof. 
John Papapolymerou’s group at Georgia Tech to fabricate the antennas with integrated RF 
MEMS switches for operation at 26.5 GHz. 

F.l Designs for CPW RF MEMS Switches 
The UIUC switch is a CPW design, so we have two antenna designs that are compatible with this 
switch. Results from these designs are shown in Figures F.l - F.3. The design in Figure F. 1 is a 
modified folded dipole design that exhibits frequency reconfigurability. 
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Figure F. 1 : [Left] Modified folded dipole design compatible with CPW RF MEMS switches. 
[Right] Simulated frequency reconfigurability when two switches are closed, making the 

effective length of the slot shorter. 

F.2 Designs for In-Line Microstrip RF MEMS Switches 
The second design utilizes a geometry more closely approximating our previous low-frequency 
prototypes. This design will implement in-line microstrip-based switches fabricated at Georgia 
Tech. The layout and details of the design are shown in Figure F.2. Figure F.3 shows the 
simulated performance of the integrated reconfigurable antenna. 
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Figure F.2: This antenna design is suitable for the in-line microstrip RF MEMS switch available 
fiom Georgia Tech. The design is fabricated on 410 pm high resistivity silicon substrate with 

relative permittivity of 1 1.7 and a conductivity of 10" S/m for operation at 26 GHz. 
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Figure F.3: Simulated results (VSWR and patterns in the t)==Oo plane) from design shown in 

Figure F.2. Both shared bandwidth and pattern reconfigurability are preserved from the original 
low-fiequency prototype designs. 
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F.3 Future Work 
We plan to continue to work on these antennas by soliciting funding from a variety of 
government and commercial interests. In particular, we are going to concentrate our efforts on 
the direct design and fabrication of specialized RF MEMS switches with the antennas begun 
here. In this way, we will be avoiding many of the packaging and material issues that we 
encountered in our efforts to integrate commercially-available switches with the antennas. 
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